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ABSTRACT
DOES AGE INFLUENCE DYNAMIC STABILITY AND MUSCULAR POWER
FOLLOWING NEUROMUSCULAR FATIGUE IN WOMEN?
SEPTEMBER 2016
BENJAMIN J. HOFFMANN, B.S. IOWA STATE UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Dr. Jane A. Kent
Older adults, especially older women, produce less muscular power than young adults,
due primarily to slower maximal contractile velocity. These decrements may lead to
increased fall risk in older women and can be exacerbated by fatigue. Recently, a 32 min
walking task (32MWT) was shown to elicit fatigue in older women. The purpose of this
study was to determine whether knee extensor (KE) maximal velocity is related to
dynamic stability (margin of stability, MoS) in young and older women pre- and post32MWT. METHODS: Nine young (Y; 24.3+1.1years, mean±SE) and 17 older (O;
71.1±1.1years) healthy women completed 2 testing sessions on separate days: 1)
electrically-stimulated and voluntary KE muscle characteristics were measured to
determine rates of force development and relaxation (RFD, RFR) and half-relaxation
times (T1/2) as well as peak isometric torque, power generated at 270 deg∙s-1, and
maximal contractile velocity of the dominant leg; 2) MoS was measured using a forward
fall test at 25% body weight; 10 baseline trials were performed. On both testing days, the
32MWT was performed following baseline measures. All variables of interest were then
collected during 30 min of recovery. RESULTS: MoS was higher in young than older
women (Y: 0.044±0.021m, O: -0.130±0.033m, p=0.001) and increased over the 10
baseline trials in both groups (p=0.01). Post-32MWT, both groups showed decreased
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isometric torque (Y: p=0.04, O: p<0.001), increased power at 270 deg∙s-1 (Y: p=0.05, O:
p=0.01), and unaltered MoS (Y: p=0.34, O: p=0.52) and maximal velocity (Y: p=0.22, O:
p=0.54). Additionally, T1/2 was lower post-32MWT in older (p<0.01) but not young
women (p=0.40). Maximal velocity was not associated with MoS at baseline (r2<0.1,
p>0.32) or post-32MWT (r2<0.20, p>0.22) in either group. CONCLUSIONS: The
32MWT elicited fatigue in some contractile variables, but improved or had no effect on
others. Maximal KE contractile velocity was not associated with MoS in young or older
women. Future studies are needed to determine other potential mechanisms of lower MoS
in older than young women. The increase in MoS over 10 baseline trials should be
considered by researchers when using the forward fall test to evaluate real-world fall risk.
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CHAPTER I
INTRODUCTION
Old age is associated with a decline in physical function, which can lead to
decreased quality of life, increased fall risk, and physical disability. Approximately 45%
and 73% of individuals will report a significant disability by the ages of 65 and 80 (109),
respectively, with women being at a greater risk than men (68, 86). In the United States
in 2010, there were approximately 81 million individuals aged 45-64 years, and just 40
million aged 65 or older, indicating that the aging baby boomer generation will
dramatically increase the population of older adults (>65 years) over the next 30 years.
Additionally, in the US in 2000, the expenses of aging-related physical dysfunction
totaled approximately $18.5 billion, accounting for 1.5% of total healthcare expenditures
that year (69). Considering the monetary and health implications involved, understanding
the mechanisms leading to this physical decrement is of great importance and may allow
for improved intervention recommendations.
Older adults are weaker (18, 19, 65, 75) and less powerful (9, 19, 33, 128) than
young adults, and these differences are thought to contribute to poor physical function in
the aged. Numerous factors may contribute to this decline, including morphological
changes such as muscle fiber type shifts (53, 88), neural factors such as decreased agonist
activation and slowed motor unit discharge rates (28, 71, 71), and intramuscular factors
such as slowed contractile properties and altered calcium kinetics (1).
In aging adults, muscular power, which is the product of force and velocity,
decreases earlier and at a faster rate than strength (44, 115) and is a stronger predictor of
physical dysfunction than strength alone (11, 44). Indeed, numerous functional measures
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have shown a greater association with lower-body power than strength in older adults,
including chair rise (60), stair climb (60), and up-and-go times (94) as well as gait speed
(42). Declines in muscular power are due primarily to reductions in velocity rather than
force (139), with maximal contraction velocities decreasing significantly with age in
multiple muscle groups (32, 83, 137). Notably, older women have been shown to rely
more on the velocity component of power than force production when compared to older
men (118).
Older adults are also at a higher risk of falling and fall-related injury than their
young counterparts (95). Further, women are at a greater risk of falling than men at all
ages (124) and, past the age of 50 years, have a higher risk of fall-related injury (95).
Recovery from a fall is dependent on one’s ability to quickly move the body into a stable
position (74), which requires enough force to move the lower limb and decelerate the
body upon impact. However, if one cannot first produce sufficient velocity to place the
recovery leg in a position to form an effectual base of support, the strength of the leg is of
little importance. Though somatosensory factors play a role in fall recovery ability (143),
the capacity to rapidly produce a muscular contraction once the muscle is activated may
be a significantly greater determinant (133, 134). Indeed, slowed muscle contraction
velocity inhibits balance recovery following a perturbation (4), and the ability to rapidly
increase the base of support is associated with improved recovery (5).
The ability to recover from a fall can be investigated by determining dynamic
stability during a forward loss of balance test. One method involves releasing participants
from a static forward lean and having them recover balance in one or more steps (21). A
dynamic margin of stability (MoS, cm) at foot contact of the recovery step, which is
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defined as the anterior-posterior distance between the vertical projection of the velocityadjusted center of mass and the forward boundary of the base-of-support (134), can then
be calculated. As older adults most often fall in the forward direction (16, 89), this
measure can provide valuable insight into the mechanics of fall recovery.
Muscular fatigue, defined as a decrease in maximal force- or power-generating
capacity resulting from prolonged or repeated contractile activity, may also have a
significant impact on balance and fall risk in older adults. During dynamic fatiguing
tasks, power output and contraction velocity are reduced to a greater extent in older than
young adults (26, 99). Specifically, in the knee extensor (KE) muscles, which are
important in dynamic balance (59), older adults have a reduced ability to attain high
contraction velocities (>270 deg∙s-1) in an unfatigued state (83). Additionally, older adults
have a greater decrease in maximal contraction velocity following fatigue from both
isometric and dynamic contractions compared with young adults (19). Because KE
contraction velocity likely plays a major role in fall prevention (5), the additional slowing
of contraction velocity following a fatiguing walk may result in transiently reduced
dynamic stability and augmented fall risk in this population. Indeed, impaired functional
reach (14), reduced single limb stance time (14), and less stable walking patterns (58)
have been demonstrated following fatigue in older adults.
The interaction between fatigue and dynamic stability has been studied
previously in young (140) and older (93) adults using the forward loss of balance test, but
fatigue was not shown to affect dynamic stability. However, these studies either fatigued
only specific muscle groups (93) or fatigued the muscles in a non-ecological way (140).
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Recently, a treadmill walking protocol with brief intermittent challenges was
shown to induce fatigue in older women (45). In this study (45), measures of static
postural stability were utilized, and though changes were observed following the walking
protocol, these measures are not a strong predictor of dynamic stability and fall recovery
ability (92, 111). However, power output of the KE was attenuated following the walk
and remained depressed after 60 min of recovery. Additionally, this deficit was greater at
higher contraction velocities, indicating that the attenuation of power output resulted
from an inability to generate velocity, rather than force (45). Because of the significant
role that muscle contraction velocity plays in balance recovery (4, 5, 134), it is reasonable
to posit that the velocity-driven power deficit following this walking protocol will have a
negative effect on dynamic stability and fall recovery ability. However, the mechanisms
governing the changes in power output following this fatiguing protocol have not been
examined. Therefore, combining neural and muscular measures with the fatiguing
treadmill walk and forward loss of balance test will provide greater insight into changes
in power output and dynamic stability following fatigue in older adults.
Summary and Statement of the Problem
Old age is associated with a reduction in muscular power, which is a better
predictor of physical dysfunction than strength alone. This reduction in power results
from a greater decline in contraction velocity than force production. Older adults,
particularly women, have a greater risk of falling than young adults. Older adults also
fatigue to a greater extent than young adults during dynamic tasks, and the ability to
produce power at high velocities can be transiently attenuated following such fatigue.
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However, several limitations prevent a clear understanding of whether or not this
attenuation results in decreased dynamic stability and increased fall risk in older adults.
Additionally, the mechanisms governing this attenuation of power have yet to be
elucidated.
The Specific Aims of this study are:
Aim 1: Determine whether dynamic stability is decreased immediately following, and
during recovery from, a fatiguing treadmill walk, and the extent to which this may be
related to changes in muscle power in young and older women.
Hypothesis (H) 1.1: Older women will have less dynamic stability than young
women, both at baseline and following fatigue. The reduction in dynamic stability
following fatigue will be greater in older than young women.
H 1.2: Older women will have a greater reduction in high-velocity power output
than young women when fatigued.
H 1.3: Fatigue-induced decreases in maximum contraction velocity will be
associated with decreases in dynamic stability.
H 1.4: Recovery of dynamic stability and power will be faster in the young group
than the older group following the fatiguing walk.
Aim 2: Examine the mechanisms of decreased velocity with fatigue (exploratory).
Muscle contractile properties will be evaluated by measuring the rate of force
development and relaxation and half relaxation time. Central motor drive will be assessed
by determining the ratio of voluntary to stimulated rate of force development. Lowfrequency fatigue will be assessed as a decrement in the ratio of peak torque produced
from a 10-Hz stimulus to that produced from an 80-Hz stimulus. Because these
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mechanisms have not previously been investigated following this novel fatiguing
protocol, it is not known if or how they may change.
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CHAPTER II
LITERATURE REVIEW
Aging is associated with a significant, progressive loss of skeletal muscle mass
and function, termed sarcopenia (43). This decline can lead to functional impairment,
decreased quality of life, and physical disability (68). Additionally, the costs associated
with sarcopenia in the US in 2000 approximately $18.4 billion, accounting for 1.5% of
total healthcare expenditures that year (69). With such a profound individual and
economic impact, investigation into this condition and its functional consequences is
warranted and may allow for improved recommendations for this population.
Changes in Muscle Mass, Strength, and Power with Age
Between the ages of 20 and 80 years, skeletal muscle mass and cross-sectional
area may be reduced by approximately 30% and 20%, respectively (47). This age-related
reduction in muscle mass is due in part to a decreased number and size of muscle fibers
(88), with greater atrophy of type II than type I fibers (87, 116). However, the decreased
proportion of type II fibers may result from a combination of old age and reduced
physical activity, particularly activities of high intensity. Certain muscles are also
affected to a greater extent than others. For example, lean muscle area of the tibialis
anterior (TA) muscle is approximately 12% smaller in older than young adults (77), while
the lean muscle area of the KE muscles has been shown to be approximately 27% smaller
(19, 136). Additionally, these changes are associated with greater non-contractile content
of skeletal muscle in older than young adults (77).
Along with the changes in muscle mass, there is a reduction in strength with age,
which can be greater than the decline in muscle mass (37). Strength of the KE in older
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adults has been shown to decline at a rate three times that of KE lean muscle mass over a
three year period (49). In a 10-year longitudinal study of older adults (65), knee extensor
and flexor strength were found to decrease by an average of 13% and 16%, respectively.
However, several studies have shown that some individuals have an increase in strength
over extended follow-up periods (8, 41, 65). Though training can improve muscular
strength and attenuate its loss, strength will decline with age; this is demonstrated by the
approximately 50% decrease in world power lifting records between the ages of 30 and
70 (66).
Though overall strength has been shown to decline with old age, studies
investigating changes in specific strength (maximum voluntary force per unit muscle) are
somewhat equivocal, with methodological differences likely accounting for discrepant
results. For example, studies demonstrating lower specific strength in older than young
adults may not examine usual physical activity levels (91) or may include older
participants with significantly lower levels of physical activity than young participants
(107). Matching for physical activity, Kent-Braun and Ng (75) found that there was no
difference in specific strength between young and older adults when performing
isometric dorsiflexion. Similarly, McNeil et al. (100) found that specific strength of the
tibialis anterior (TA) muscle was not lower in a group of active older adults (average age
64 years) compared to young adults. However, in a very old group (average age 84
years), specific strength was lower than both the young and old groups. Combined, these
studies may indicate that when physical activity is controlled, specific strength does not
decline until very old age.
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Muscular power, which is the product of force and velocity, is lower in multiple
muscle groups of older compared to young adults (19, 83, 99, 100, 103), with older
women being less powerful than men (7, 9). Longitudinal studies have demonstrated a
significant decrease in muscular power with advancing age (52, 122). Indeed, between
the ages of 65-89 years, KE power declines approximately 3-4% per year, while KE
strength declines 1-2% per year (7, 9, 128). The combination of decreased strength and
contraction velocity results in muscular power being significantly lower than strength in
older adults (44).
In contrast to specific strength, studies have consistently shown that specific
power (maximum voluntary power per unit muscle) is lower in older than young adults
across multiple muscle groups (51, 113, 120). Specifically, in the KE, specific power is
25-41% lower in older than young adults (115).
While the age-related reduction in muscular strength contributes to the lower
power seen in older than young adults, reduced contraction velocity has been shown to be
the primary determinant (83, 115, 139). In a study involving young, old, and very old
adult men (average ages 26, 65, and 84 years), McNeil et al (99) demonstrated that both
peak power and contraction velocity of the TA were significantly lower in both older
adult groups, with young > old > very old. However, the force produced during maximal
isometric voluntary contractions (MVIC) was not different between the young and old
group, suggesting that the lower power in the old group was a result of slower contraction
velocity. Similarly, using an explosive standing task, Petrella et al. (115) demonstrated
that peak power and velocity were lower in older than young adults, while peak force did
not differ between the groups. Additionally, older women were found to have much

9

lower peak power and peak velocity than older men. Highlighting the differences in KE
contraction velocities between young and older adults, Lanza et al. (83) demonstrated that
only 66% of relatively healthy older women were able to attain velocities of 300 deg∙s-1,
and only 50% were able to attain 400 deg∙s-1. In the same study, all young adults attained
300 deg∙s-1 and approximately 92% attained 400 deg∙s-1.
Though the mechanisms governing the decline in power and velocity with
advanced age are complex and not yet fully understood, it has been shown that skeletal
muscle power is an important factor in physical function. Indeed, having low leg power is
associated with a 2-3 fold greater likelihood of physical dysfunction and is a greater
predictor of disability than is strength (11, 13, 44). Power output at high velocities (i.e.,
lower external resistances) appears to explain more variance in physical function
measures than power output at low velocities (i.e., higher external resistances). For
instance, power output at 40%1RM explains more variance in habitual gait speed, chair
rise time, and stair climb time than does power at 70%1RM (30). Accordingly,
contraction velocity is an independent predictor of mobility (12), and KE contraction
velocity is a stronger predictor than strength of performing low-intensity functional task
such as walking (125).
Neural Changes with Age
There are numerous neural factors contributing to changes in muscular strength
and power, including neural remodeling, changes in motor unit discharge rate (MUDR),
increased antagonist coactivation, and cortical alterations. There is an age-related loss of
motor neurons (38), with an average loss of 25% between the ages of 20-90 years (135).
Some, but not all, of the abandoned muscle fibers are reinnervated through collateral
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sprouting (50), ultimately leading to fewer, and larger low-threshold motor units (38).
Human autopsies examining the ventral roots have shown smaller diameters of
myelinated motor neurons and greater loss of large-diameter axons with advanced age
(106). Additionally, there is some evidence of decreased conduction velocity with age
due to reduced myelination and decreased internodal length (84, 101, 126). Though these
changes may begin in early old age, their functional impact may not be realized until a
critical threshold is reached (98).
Lower maximal motor unit discharge rates (MUDR) may also be associated with
old age, as has been demonstrated with maximal contractions in the first dorsal
interosseous (72) and maximal and submaximal contractions in the TA and vastus
lateralis muscles (28, 71, 72). A lower MUDR is associated with deficits in maximal
torque production (25, 85) as well as reduced rates of torque development (79, 130, 138).
At the onset of rapid contractions, older adults have lower MUDR (79). However, these
changes may be impacted by physical activity, as short term training has been found to
increase MUDR in both young and older adults (25).
Muscular coactivation, in which an antagonist muscle is activated during agonist
action and provides mechanical opposition, may increase with old age. However, studies
investigating coactivation are somewhat equivocal. In the thigh, coactivation was higher
during walking and stair climbing in older than young adults (63, 114). In the shank,
greater coactivation during walking has been shown in one (63) but not another (114)
study, nor was coactivation greater in older compared to younger adults during isolated
dorsiflexion contractions (79). During isolated KE and knee flexion (KF), greater
coactivation was only observed during KE (91). While increased coactivation could

11

hinder power production, Clark et al. (27) found no association between thigh
coactivation and contraction velocity during KE and KF in older adults. Coactivation also
decreases with strength training (55, 67), highlighting the need to assess participants’
physical activity levels when measuring coactivation.
Other neural changes may occur with advanced age, such as decreased cortical
excitability and atrophy of the primary motor cortex (40, 123). Additionally, very old
adults (85-97 years) may have significant impairments in central motor drive, which
results in less than maximal muscle activation (56). However, it is unclear whether these
factors have a direct impact on muscular power.
Aging and Muscular Fatigue
Muscular fatigue, which can be defined as a decrease in maximal force- or powergenerating capacity resulting from prolonged or repeated contractile activity, can result
from both changes in muscular activation (central fatigue) and changes within the muscle
itself (peripheral fatigue).
Peripherally, muscle fatigue can result from alterations to the myocellular
environment. During fatiguing contractions, there is an increase in the concentration of
inorganic phosphate (Pi). This increase can inhibit Ca++ release from the sarcoplasmic
reticulum (SR) and directly interfere with cross bridge formation (3, 102, 112). Changes
in excitation-contraction (EC) coupling, from sarcolemmal depolarization through Ca++
release from the SR and binding to troponin, may also contribute to fatigue. Evidence of
fatigue resulting from changes in EC coupling can be examined by applying a low
frequency stimulus to the muscle. If the muscle is sufficiently fatigued, there will be a
prolonged reduction in low-frequency force production (low frequency fatigue), which
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likely results from inadequate Ca++ release from the SR (24, 70). The mechanism
governing low frequency fatigue does not appear to be metabolic in nature, but rather a
result of either inhibition of SR Ca++ release resulting from contraction-induced increases
in intracellular [Ca++] (24) or the formation of an insoluble precipitate within the SR (48).
Maximal MUDRs may also decline during fatigue (15, 31, 96). The mechanism of
this reduction appears to result from fatigue-induced changes within the muscle, which
then provides sensory feedback via group III and IV afferents (15).
Older adults fatigue less during isometric contractions than young adults (18, 76).
One mechanism thought to provide this fatigue resistance is older adults’ increased
reliance on oxidative phosphorylation for ATP production and greater metabolic
economy (i.e. lower ATP cost of contraction) compared to young adults (81, 132). These
factors would allow for less accumulation of fatigue-inducing metabolites, such as
inorganic phosphate (Pi) and proton (H+) (76).
In contrast to isometric fatigue, older adults fatigue to a greater extent than young
adults during dynamic contractions (10, 19, 115, 119). This dependence on contraction
mode is exacerbated when the fatiguing contractions are performed at high constrained
velocities (i.e., isokinetic) (19) or at a low external resistance with unconstrained velocity
(i.e., isotonic) (33, 99), which is more closely related to real-world tasks such as walking
(117).
For instance, Dalton et al. (33) had young and older men perform 30 maximal
contractions of the KE at 60 deg∙s-1, 180 deg∙s-1, and at 20% of MVIC with unconstrained
velocity on separate days. Following fatigue, peak power was lower in older than young
men in the unconstrained velocity condition but did not differ in the constrained velocity
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conditions (though trending toward lower peak power in older at 180 deg∙s-1). Because
voluntary activation was high (>90%), M-wave response was slightly potentiated, and
electryomyographic root mean square (EMG RMS) values were similar in both groups
following all fatigue tasks, it is unlikely that neuromuscular activation or excitability of
the sarcolemma or neuromuscular junction contributed to the greater loss of peak power
observed in older men. Rather, the factors contributing to lower power were likely within
the muscle (33).
Half-relaxation time (T1/2) has also been shown to slow as a result of fatigue in
multiple muscle groups, and this slowing is strongly related to a decrease in power (23,
33, 80, 119). The mechanisms likely governing this slowed T1/2 are slowed cross-bridge
kinetics and calcium uptake by the SR (1). Additionally, the greater loss in power than
isometric strength in older adults following dynamic fatigue implies that slowed crossbridge kinetics play a large role in limiting the maintenance of power production (104).
Because dynamic contractions are more energetically demanding than isometric
contractions (144), the benefits of older adults’ greater metabolic economy and reliance
on oxidative phosphorylation may be mitigated when ATP must be produced rapidly via
glycolysis and phosphocreatine breakdown. This would result in greater accumulation of
H+ and Pi and may lead to greater metabolic fatigue.
Recovery of muscular power from fatigue in older adults also differs from that of
young adults. Power et al. (119) demonstrated that fatiguing contractions of the TA using
unconstrained velocity at 20% MVIC resulted in greater relative power loss in older than
young women, and this difference remained throughout 30 min of recovery. Similarly,
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maximal jump height, which is dependent on power production, was lower in older than
young adults following an hour of recovery from tricep surae fatigue (80).
The reduction in strength and power following fatigue and during recovery may
have functional consequences for older adults. Gait characteristics (58, 108), static
stability (14, 90), and responses to external perturbations (34) have all been shown to be
negatively affected by fatigue in both young and older adults.
Aging and Dynamic Stability
Considering all of the physiological and functional changes associated with old
age, it is no surprise that approximately 30% and 50% of individuals older than 65 and 80
years fall annually (110).
One way in which fall recovery ability can be assessed is by determining dynamic
stability with a forward-loss-of-balance test (Fig. 1). This test involves participants
leaning forward against a tether attached posteriorly at the level of the sacrum. While
leaning forward and being supported by the tether, participants’ center of mass (CoM) is
positioned outside of their base of support (BoS) in the anterior direction. The tether is
then released, and participants must attempt to return the CoM within the BoS boundary
in order to prevent a fall.
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A

B

Figure 1. Forward Fall Test. A: Participants lean against a tether at the level of the
sacrum (illustrated by black line in A). When the tether is released (B), participants
attempt to recover by taking a single step forwards.
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There are three primary ways in which this can be accomplished: 1) increase the
BoS in relation to the CoM, 2) counter rotate body segments around the CoM, and 3)
apply an external force (e.g., grab on to a nearby object) (61). However, with the forward
loss of balance test, as in an actual fall, the CoM is too far outside the base of support for
counter-rotation alone to be effective, and participants have no way to apply an external
force. As such, increasing the BoS is necessary to recover stability, and this is
accomplished by taking a step(s) in the anterior direction. When the recovery step is
made, a margin of stability (MoS) can be calculated (Fig. 3; discussed in detail in
Methods), with higher MoS values indicating greater stability.
Stability can also be measured statically, such as during quiet stance on a force
platform. However, real-world falls occur dynamically, and there is usually an
opportunity to increase the BoS. As such, static stability measures provide limited
knowledge about dynamic stability or fall risk. Indeed, static stability measures have not
been shown to relate to fall recovery ability (92, 111).
Older adults have a lower MoS during the forward loss of balance test than young
adults (21, 74, 93). Additionally, older adults are less likely to recover stability in a single
step, which is assumed to be the optimal response as young adults utilize this strategy
naturally. Instead, older adults commonly take multiple recovery steps.
There are numerous mechanisms that may contribute to stability recovery ability
in older adults. For instance, stiffness of the quadriceps femoris tendon and aponeurosis
has been shown to be lower in older compared to young adults (73, 74). As older adults
also have a lower MoS than young adults, an association between tendon stiffness and
MoS has been hypothesized. However, no difference in tendon stiffness was found
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between older adults who were or were not able to recover from a forward loss of balance
test using only one step (4). Thus, it may be that the lower tendon stiffness found in older
adults does not impact stability recovery ability.
Increased reaction time, which is the time from tether release to initial movement,
is another mechanism proposed for lower MoS in older adults. However, reaction times
have not been shown to be significantly different in several studies (5, 93). In studies that
do show a longer reaction time in older than young adults, this only occurs at small lean
angles; no difference in reaction time is observed at the larger lean angles (134, 143).
The main mechanism behind dynamic stability control during a forward loss of
balance test appears to be the ability to increase the BoS (74). Indeed, participants who
have lower MoS and require multiple steps to recover balance achieve a smaller BoS (4,
29). The velocity at which the leg can be extended anteriorly likely has a significant
impact on one’s ability to increase the BoS. Older adults are shown to have smaller step
lengths than young adults, but similar step times (time from release of cable until foot
touchdown), indicating lower step velocity. Indeed, slower step velocity is associated
with reduced step length and decreased stability (143). Additionally, improvements in
MoS following a 14-week dynamic stability training protocol resulted from a faster
increase in the BoS and faster hip moment generation.
Considering that, in older compared to young adults: 1) power output and
contraction velocity are lower, especially in women, 2) power output and contraction
velocity decrease to a greater extent following fatiguing contractions at low external
loads, and 3) contraction velocity is likely a key determinant in ability to recover from a
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forward loss of balance, investigating the effects of fatigue on dynamic stability in older
women is warranted.
To my knowledge, only one study has investigated dynamic stability using a
forward loss of balance test following fatigue in older adults (93). This study did not
show any effect of fatigue on the MoS in either young or older adults. However, the
fatiguing protocol in this study consisted of relatively slow eccentric and concentric
contractions of the isolated knee and included only male participants.
A recently developed, and more ecological, treadmill walking fatigue protocol has
been shown to induce fatigue in older women (45). Walking involves the entire lower
body and greater contraction velocities than those used in the study by Mademli et al.
(93). With this walking protocol, Foulis (2013) demonstrated that power output of the KE
was attenuated following the walk and remained depressed after 60 min of recovery.
Additionally, this deficit was greater at higher contraction velocities, indicating that the
attenuation of power output resulted from an inability to generate velocity, rather than
force (45).
Knee angular velocities during the forward loss of balance test have been shown
to be approximately 270 deg∙s-1 (21). This may be the highest attainable velocity that
some older women can attain in an unfatigued state (83). Considering the velocity-driven
power deficit following this walking protocol, older women may be unable to attain the
necessary contraction velocities in the recovery leg to form a sufficient BoS, resulting in
decreased MoS following fatigue.
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CHAPTER III
METHODS
Study Participants
Ten young (25-40 years) and 20 older (65-80 years) women without impairments
in physical function will be recruited for this study. Functional impairment will be
defined as a score of less than 11 on the Short Physical Performance Battery (SPPB; 54,
127). Participants will be sedentary to recreationally-active, assessed via self-report and
defined as not participating in organized exercise and not engaging in more than 150
minutes of moderate physical activity per week. Physical activity will be quantified
objectively using accelerometry. Individuals with lower-limb injury affecting physical
performance as well as those with metabolic, neurological, pulmonary, or cardiovascular
disease will be excluded from this study. Individuals will be excluded if they are
currently taking medication that may affect their physical function or if they have been
diagnosed with osteoporosis. Those who smoke or have stopped smoking within the
previous year will be excluded. Individuals with controlled hypertension or
hypercholesterolemia will be allowed to participate, as will those taking statins or
antihypertensive medications other than beta-blockers. Finally, those who experience
symptoms upon exertion, such as pain or light headedness, will be excluded.
Prior to enrollment in the study, potential participants will be screened by
telephone interview for general health, medical history, current medications, and usual
physical activity habits. At this time, the study inclusion and exclusion criteria and
procedures will be described and questions answered. If the individual qualifies and
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agrees to participate, they will be invited to the Muscle Physiology Laboratory for
consenting and familiarization with the protocol.
Procedures
Following telephone screening, each participant will make 3 visits to the
Kinesiology Department at the University of Massachusetts (Totman Building, Rooms 22
and 23). The first visit will be to the Muscle Physiology Lab and involve screening,
consenting, habituation, and a 400 m walk. The 2 subsequent visits (one each to the
Muscle Physiology and Biomechanics Labs) will be testing sessions. A release to
participate from their physician will be required of all older women prior to the first
testing session. The testing sessions will be scheduled 3 to 14 days apart and occur at
similar times of the day. Participants will be asked to maintain their usual level of
physical activity but refrain from overly strenuous activity for 24 hours prior to testing
sessions.

Visit 1: Consenting, Habituation, Physical Function
After arriving at the Muscle Physiology Laboratory, participants will have the
study protocol explained to them and have any questions and concerns addressed. The
participant will read the informed consent document and have any further questions
answered by the investigator. If the subject chooses to participate in the study, they will
sign the informed consent document, which satisfies the requirements of the University
of Massachusetts Amherst Institutional Review Board. Following this, the participant will
fill out a Physical Activity Readiness Questionnaire, Medical History Form, Multidimensional Fatigue Inventory (MFI) questionnaire, Patient-Reported Outcomes
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Measurement Information System (PROMIS) Fatigue Short Form, and Falls SelfEfficacy International (FES-I) form (Appendix).
The Physical Activity Readiness Questionnaire (PARQ) is used to determine if
the participant has any physical activity restrictions which would impact her
participation. The Medical History Form asks participants about relevant diseases and
medical diagnoses in order to verify that the participant meets all of the inclusion criteria
and none of the exclusion criteria. The MFI questionnaire is designed to assess fatigue in
multiple dimensions, such as mental and physical fatigue and reduced motivation (129).
The PROMIS Fatigue Short Form is used to determine participants’ symptomatic fatigue
(22). These questionnaires will allow for comparison between study participants and
normative values. Finally, the FES-I contains questions regarding an individual’s concern
about falling in different scenarios, such as getting dressed or walking (145). The FES-I
has been to shown to be predictive of poor balance, low muscle strength, and future fall
risk (35).
After completing the questionnaires, the participant’s resting blood pressure will
be taken height and body mass will be determined (Detecto Scales Inc., Brooklyn NY). A
body mass index will then be calculated (mass • height-2). Participants will be shown
around the Biomechanics and Muscle Physiology Labs, and the testing equipment that
will be used will be explained.
Physical Function Measures
Physical function will then be evaluated using the advanced Short Physical
Performance Battery (SPPB; 54, 127), which is a 3-part test. Participants will first
complete 10 chair rises from a standardized chair as quickly as possible with their arms
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crossed over their chest. Though the SPPB specifies 5 chair rises, many other studies
have used 10 chair rises. To compare our results with those in the literature, we will ask
the participants to do 10 chair rises and record the time at completion of both 5 and 10
rises. Participants will then walk along a straight, 4 m line on the floor at a casual speed,
as if they were walking down the street. This will be repeated 4 times. The time to walk
the 4m will be recorded, and the fastest time will be used for analysis. Participants’ static
balance will then be assessed using 3 different foot positions, which are: feet parallel to
each other (side-by-side), the heel of one foot beside the ball of the other foot (semitandem), and one foot in front of the other (tandem). Participants will be allowed to hold
on to the researcher or the wall as the move into position. Once ready, the participant will
release her grip and attempt to hold the foot position for as long as possible, up to 30 s. If
the participant moves her feet or reaches for balance (the wall or the researcher) during
the task, the trial will stop. The participants will be scored from 0-12 based on her ability
to complete the tasks, with a 12 indicating no impairment. Individual components of the
SPPB may also be used for exploratory analyses.
A 400m walk test will then be performed, which consists of 10 laps between 2
cones which are spaced 20m apart. The participant will be instructed to walk at a quick
speed that they can maintain for the entire 400m. A research assistant will be positioned
to ensure the participant’s safety at all times. Before, every 100 m during, and at the end
of the 400m walk, the participant will be asked to rate her sense of exertion, using the
modified Borg Scale (17). For this scale, a 0 indicates an effort of “nothing at all” and 10
indicates an “extremely strong” or absolutely maximal effort. Each lap will be timed in
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order to determine average gait speed. This average gait speed will be used for the speed
of the fatiguing treadmill walk during both testing sessions.
Assessment of Physical Activity
To objectively quantify physical activity, participants will wear a provided
uniaxial accelerometer attached to an adjustable belt (model GT1M, Actigraph, LLC
Pensacola, FL, USA). Participants will be instructed to wear the accelerometer on their
waist during waking hours for 7 days, excluding any activities performed in water (e.g.
bathing, swimming, etc.), and to maintain their normal level of physical activity.
Additionally, participants will keep a log of all physical activities, including times,
durations, and types of activity. This log will be used to capture any activities that are
poorly recorded by the accelerometer, such as cycling, and those activities for which the
accelerometer cannot be worn, such as swimming. Participant’s physical activity logs
will be used to cross-check accelerometer data.

Visit 2 and 3: Testing Sessions
Participants will undergo 2 protocols (Protocols A and B). These protocols will be
performed on separate days, and the order in which they are performed will be
randomized and balanced across groups.
Protocol A: Neuromuscular Recovery
Participants will report to the Muscle Physiology Lab wearing shorts to enable
access to the upper thigh. Standardized lab shoes (New Balance) will be provided to all
participants for the study. If the participant wears orthotic inserts, they will be able to use
them in the provided shoes.
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Following 5 min of warm-up exercise on an unloaded cycle ergometer,
participants will be seated in a Biodex 3 Dynamometer (Biodex Medical Systems,
Shirley, NY) with approximately 90° of hip flexion and 100° of knee flexion (80° from
full extension). The participant’s dominant leg (determined by asking: “which leg would
you use to kick a ball?”) will be studied unless the participant reports a pre-existing knee
injury or pain or discomfort in that leg. The leg will be attached to the padded lever arm
of the Biodex with a Velcro strap slightly above the ankle joint. Chest and lap straps will
be secured over the participant to prevent extraneous movement of the upper body. The
dynamometer will then be adjusted to allow the participant to extend the knee through a
70° range of motion.
Two 7.62 cm by 12.70 cm electrode pads will be placed over the quadriceps for
electrical stimulation of the knee extensors. One electrode will be placed 2 cm superior to
the proximal border of the patella and one 2 cm distal to the inguinal crease. In order to
record electromyographic activity, a bipolar electrode will be placed over the belly of the
rectus femoris muscle, with a ground electrode placed over the contralateral patella.
Participants will then perform a series of maximal (as fast and hard as possible)
isometric (MVIC) knee extensions. Three MVICs will be performed at 100° of knee
flexion, each lasting 3 – 5 s, with 2 min of rest between each to avoid fatigue. If the
torques produced during 2 of the contractions are not within 10% of each other, an
additional contraction will be performed. The highest torque produced will be recorded as
the MVIC.
Stimulated isometric contractions will then be elicited using an 80 Hz train
(500ms), with the current gradually increasing until the torque produced is 50% of the
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participant’s MVIC. This same current will be used during the post-fatigue dynamometer
testing.
Participants will then perform a series of dynamic isokinetic contractions ranging
from 60-300 deg∙s-1 in 60deg increments in order to produce a force-velocity curve.
Three contractions will be performed at each velocity, tested in random order, with 2 min
of rest between each tested velocity.
A series of stimulated and maximal voluntary contractions at 0 (MVIC), 120, 270,
and 500 deg∙s-1 will then be performed in rapid succession. Participants will first perform
the MVIC; an 80-Hz, 500ms and 10-Hz, 500ms train will then be applied at the
previously determined current. Participants will then perform two dynamic contractions
each at 120, 270, and 500 deg∙s-1. This series of contractions takes approximately 30 s to
complete.
The 500 deg∙s-1 contraction will be used to determine the participants’ maximal
contraction velocity, which is typically between 270 and 400 deg∙s-1 in older women (83).
Because the participants will not likely be able to reach 500 deg∙s-1, no load will be
applied by the dynamometer. Thus, we will be able to determine how fast they can extend
their leg without any resistance.
Following testing on the dynamometer, participants will complete a fatiguing
treadmill walk. As previously described (45), participants will walk on a treadmill for 30
min at the speed determined during their 400m walk test. At minutes 7, 17, and 27, the
grade of the treadmill will be increased 3% for 1 min in order to simulate a hill or other
challenge older adults may face during daily activities. This protocol has been shown to
produce a modest amount of fatigue in healthy older women. Throughout the treadmill
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walk, study personnel will be positioned to provide support to the participant to prevent
falls and to monitor their rating of perceived exertion using the modified Borg Rating of
Perceived Exertion scale of 0-10.
Participants will then walk overground for 2 min at a similar gait speed in order to
eliminate any motion after-effects, which can conflict with perception of self-motion
(57). They will then be reseated in the Biodex. The series of isometric, stimulated, and
dynamic contractions described above will again be performed (0 (MVIC), 80-Hz, 10-Hz,
120 deg∙s-1, 270 deg∙s-1, and 500 deg∙s-1). These contractions will be performed at 2, 5,
15, and 30min following the overground walk in order to monitor fatigue recovery.
Data Analysis
All measures of muscle torque, velocity, and power will be assessed using a
custom-written Matlab program. The torque-velocity relationship will be determined for
each participant by plotting peak torque at each recorded velocity from 0 to 300 deg∙s-1.
Additionally, muscle contractile properties at baseline and during recovery will be
evaluated by measuring the rate of force development and relaxation (RFD, RFR;
%peak/ms) and half relaxation time (T1/2, ms) from the 80-Hz stimulation train.
Maximal RFD will be established from the peak value obtained of the first derivative
(df/dt, expressed as % of peak torque obtained in the contraction) of the 80-Hz
stimulation train measure. The T1/2 (ms) will be calculated as the time from the final
stimulus until torque falls by 50% (18, 19). In order to assess possible changes in central
motor drive, the RFD during MVIC will be normalized to the RFD of the 80-Hz train,
with a decrease in the ratio of voluntary to stimulated RFD suggesting a decrease in
central motor drive (78). The peak torque elicited during the 10-Hz and 80-Hz
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stimulation will also be compared, with a decrease in the 10:80-Hz ratio likely expressing
excitation-contraction coupling failure (low-frequency fatigue) (39, 141). Muscle fatigue
will be quantified as a significant decline in torque or power production for each
contraction velocity in response to the treadmill walk.
Activity counts will be downloaded from the accelerometer and analyzed using a
custom Matlab program. Average daily physical activity will be grouped into 60s epochs
and the total counts for each group will be averaged to obtain one value per participant
(97). These values will be compared to each participant’s physical activity log.
Protocol B: Dynamic Stability and Recovery
Participants will report to the Biomechanics lab wearing tight-fitting shorts and a
t-shirt. Standardized lab shoes (New Balance) will be provided to all participants for the
study. If the participant wears orthotic inserts, they will be able to use them in the
provided shoes.
Foot Tap Test (FTT)
A standard-height chair will be placed approximately 15cm behind a force platform
(AMTI, Watertown, MA, USA). Participants will sit comfortably at approximately 90deg
of knee and hip flexion, with the middle and ball of their foot on the force platform. The
heel of the foot will be off of the platform, allowing no part of the shoe to be in contact
with the platform when the ball of the foot is raised. A piece of tape will be placed on the
platform directly in front of the participant’s shoe as a guideline for the foot’s position.
Participants will be instructed to tap their foot as rapidly as possible for 10sec
while keeping their heel on the ground. They will be instructed to clear the platform when
lifting the foot and make contact with the platform when descending. Additionally,
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participants will be instructed to tap their foot in a way that they feel allows for the
greatest tapping speed.
Following a brief practice, the participant will perform three, 10 s trials with each
foot in turn. Sixty seconds of rest will be given between each trial. Force platform data
will be collected at 960 Hz.
Participants will then warm up on an unloaded cycle ergometer for 5 min. The
researcher will assist the participant in putting on a full-body safety harness, which wraps
around both the shoulders and hips and will be adjusted based on each participant’s body
dimensions. During testing, this harness will be attached to a secure overhead anchor
point, preventing the participant from making contact with the ground, except for the feet,
in the event of a failed balance recovery attempt.
Each participant will have a tri-axial accelerometer (Trigno, Delsys Inc, Natick
MA, USA) placed on her lower back at the level of the 10th thoracic vertebrae, which
will be used to assess local dynamic stability. Segment kinematics will be tracked using
retro-reflective markers placed on the following landmarks:
Jugular notch, 7th cervical vertebra, anterior superior iliac spines (ASIS), posterior
superior iliac spines (PSIS), right and left: acromion processes, olecranon processes,
ulnar and radial styloids, greater trochanters, lateral and medial epicondyles, lateral and
medial malleoli, 1st and 5th metatarsal heads, and 1st phalanges of the feet. The head will
have a crown consisting of 5 markers (1 on top and 4 on the sides at the temporal level).
Clusters consisting of four markers will be placed on the lateral aspects of the right and
left thigh, shank, and upper arm segments. Clusters of three markers will be placed on the
heel cup of each shoe.
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Once markers are placed, participants will stand in the anatomical position for 10
s in order to record a static calibration trial. The participant’s harness will then be
connected to a rope securely attached to an overhead anchor point. The participant will be
encouraged to test this harness by applying all of her body weight. This will allow the
participant to become familiar with the set up and demonstrate the safety provided by the
harness.
The participant will then stand on a force platform (AMTI, Watertown, MA,
USA), which will collect ground reaction forces at 960 Hz. A tether with a quick release
apparatus will be attached to the harness horizontally at the level of the sacrum. The
participant will be informed that they will lean against the tether, and when the tether
releases, they are to attempt to recover from the fall in one step, using their dominant leg
(assessed by asking: “which leg would you kick a ball with?”). If the participant has
already completed Protocol A, the same leg tested on that day will be used for this test.
The following protocol will be used for all forward loss of balance recovery tests.
While standing on the force platform, and with the tether attached, participants will lean
forward (away from the tether) until a percentage of body weight is recorded in the
horizontal direction on the force platform. Between 2 and 10 seconds after the desired
position is attained, the researcher will release the tether without warning and the
participant will attempt to recover onto a separate force platform, located directly in front
of them. To better familiarize participants with this measure prior to testing, participants
will perform 3 practice trials at 10% and 15% of body weight.

30

A study by Barrett et al. (2012) demonstrated a learning effect using this
technique in older adults (Fig. 2). When participants completed 4 forward loss of balance
trials, the MoS at foot contact (FC) of the recovery leg was significantly lower in trial 1
than trials 2-4, indicating greater stability in the latter trials. The results were similar
when the recovery leg was at the maximal knee joint angle (KJM) after FC. However, the
MoS at KJM was significantly greater during trial 4 than trial 2, demonstrating that
learning may still be occurring after 4 trials (6).

Figure 2. Learning Effect from Forward Fall Trials. The margin of stability (MoS) at
foot contact (FC) and maximal knee joint angle (KJM) after FC in older adults is shown
over 4 trials. Asterisk (*) indicates significantly different from trial 1 and hash (#)
indicates significantly different from trial 2. Adapted from Barrett et al (2012).
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To overcome this learning effect, participants will perform 8 trials at 25% of body
weight, which should allow for a plateau in MoS. Following these 8 trials, 2 additional
trials will be conducted, the data from which will be averaged and used as the baseline
measure. The participant will then perform the fatiguing treadmill walk, as described
above. At 2, 5, 15, and 30 min of recovery, the participant will again perform two
forward-fall trials. All testing trials will be performed at 25% body weight.
During the treadmill fatigue protocol, data from the accelerometer will be
collected from minutes 1 to 3 and 24 to 27. These data will be used to attain the maximal
Lyapunov exponent, which is a nonlinear analysis used to assess local dynamic stability.
Local dynamic stability refers to the ability of the locomotor system to respond to
infinitesimally small perturbations that naturally occur as a result of walking (36). Data
collected will allow within-subject comparisons of local dynamic stability before and
after participants are fatigued. These data will not be filtered due to the difficulties
associated with filtering a nonlinear signal (36).
Data Analysis
Kinematic and kinetic data will be collected using Qualisys tracking software (Qualisys,
Gothenburg, Sweden). These data will then be imported into Visual 3D (C-Motion,
Germantown, MD) for construction of segment properties (mass, moment of inertia), as
well as segment positions and joint positions and moments. Additionally, Visual 3D will
be used to determine the timing of specific events (tether release, foot lift-off, foot touchdown, etc.).
Data from motion analysis and force platforms will allow for determination of the
margin of stability (MoS, cm), which will be calculated as the distance between the
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vertical projection of the center of mass (CoM, cm) and the anterior boundary of the base
of support (BoS, cm) in the anterior-posterior direction at the moment of foot contact of
the recovery leg (Fig. 3). Dynamically, the MoS can be obtained by applying a velocity
adjustment to the CoM term, giving an extrapolated center-of-mass (XCM, (62), which is
calculated as:

where PCM (cm) is the distance between the position of the 1st phalange marker of the
supporting foot and the vertical projection of the center of mass in the anterior-posterior
direction, VCM (m•s-1) is the anterior–posterior velocity of the center of mass, g (m•s-2) is
the acceleration due to gravity and l (cm) is the distance between the center of mass and
the ankle joint center in the sagittal plane (21).
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Figure 3. Calculating the Margin of Stability (MoS). (6)
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Statistical Analyses
All statistical analyses will be performed using Statistical Analysis Software (SAS
Version 9.4, Cary, NC). An α level of 0.05 will be used to establish significance.
Differences across groups in descriptive characteristics will be tested using unpaired ttests. Hypotheses 1.1 and 1.2 will be addressed using a two-factor (age, time) repeated
measures analysis of variance (rmANOVA) to examine age- and fatigue-related
differences in MoS. Hypothesis 1.3 will be explored using linear regression. For
hypothesis 1.4, recovery measures of power and MoS will be expressed relative to
baseline and, depending on fit, linear or non-linear regression will be used to determine
the rate of recovery of these measures for each individual. Differences in group mean
rates of recovery will then be compared using unpaired t-tests.
Aim 2 will involve exploratory analyses of multiple fatigue measures, including
RFD, RFR, T1/2, voluntary RFD:stimulated RFD, and 10:80Hz. Unpaired t-tests, twofactor rmANOVA, and regression analyses will be applied, as needed.

Revisions from Original Proposal
The original hypotheses of this study have been adjusted as most were predicated
on the development of neuromuscular fatigue, which was not apparent. Scores from the
Advanced-SPPB (SPPB-A) were reported in place of the SPPB as the former allows
greater differentiation among high-functioning individuals. The PROMIS Fatigue Short
Form and MFI questionnaires were administered but not reported here. Additionally,
measures of local dynamic stability during the walking task and data from the Foot Tap
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Test were collected but not analyzed or presented. Following the proposal, Protocol B
was modified to include the placement of wireless EMG electrodes on each participants’
dominant leg and shank for the forward fall trials and walking task. While these data are
not included in the thesis, they may be analyzed at a later date.
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CHAPTER IV
EXPANDED MANUSCRIPT
Introduction
Older adults produce less muscular power than young adults, (9, 19, 33, 128), and
this decrement is a strong predictor of physical dysfunction (121). Numerous factors may
contribute to this reduction in power, including shifts in muscle fiber type (53, 88) and
slowed contractile properties (76, 105).
In older adults, muscular power, which is the product of force and contraction
velocity, decreases earlier and at a faster rate than force alone (44). This decline in power
is due primarily to a reduction in contractile velocity (139), with maximal velocity
decreasing significantly in multiple muscle groups (32, 83, 137). Specifically, in the knee
extensor (KE) muscles, older adults have less ability to attain contraction velocities
greater than 270 deg∙s-1, resulting in a downward shift in the torque-velocity relationship
compared with young adults (83). Notably, older women have been shown to generate
peak power at a slower velocity in the elbow flexors (137) and at a higher percentage of
maximal isometric strength in the KE (115) than older men.
Studies investigating voluntary and electrically-stimulated contractions have
shown that older muscle tends to have slower contractile properties than young muscle,
i.e. slower rates of maximal force development (RFD; 19, 75) and relaxation (RFR; 82)
and a longer half-relaxation time (T1/2; 19). This apparent slowing of muscle likely
contributes to the lower power and maximal contraction velocity when compared with
young adults.
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One manifestation of the age-associated decline in muscle function may be
evident in older adults’ increased fall risk, with older women at greater risk than older
men (86). Recovery from a loss of balance depends on one’s ability to quickly move the
body into a stable position (74), while also requiring enough force to move the lower
limb, position the recovery foot, and decelerate the body. However, if one cannot produce
sufficient velocity in the lower limb, an effective base of support (BoS) may not be
attained. Indeed, slowed contraction velocity has been shown to inhibit balance recovery
following a perturbation (4), and the ability to rapidly increase the BoS is associated with
improved balance recovery (5).
Muscular function is also negatively affected by fatigue, which is defined as a
decrease in maximal force- or power-generating capacity resulting from contractile
activity. Following fatigue from either isometric or dynamic contractions, power output
and maximal contraction velocity are significantly more reduced in older than young
adults (19, 99, 115), while stimulated measures demonstrate a similar slowing of RFR
and T1/2 with fatigue in young and older adults (76). Additionally, the ratio of torque
produced from a low- and high-frequency stimulation (e.g. 10:80Hz) has been shown to
decrease following a fatiguing task, indicating low-frequency fatigue (reduced Ca+2
release from the sarcoplasmic reticulum, 39, 45, 141). While low-frequency fatigue
suggests an intramuscular source of fatigue, a greater slowing of voluntary than
stimulated RFD following fatigue indicates changes upstream of the point of stimulation
(quantified as a lower voluntary:stimulated RFD) (78). Considering that power output
and maximal contraction velocity 1) are lower in older than young adults, especially in
older women, 2) are likely a key determinant in fall recovery, and 3) decrease following
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fatigue, investigating the relationship between these factors may help determine whether
neuromuscular fatigue increases fall risk in older women.
Fall recovery ability can be approximated by evaluating dynamic stability (i.e.,
ability of the system to respond to an external perturbation) during a forward fall test. In
this test, participants are released from a static forward lean and attempt to recover their
balance by taking a single step forward. The margin of stability (MoS), which accounts
for the BoS and velocity-adjusted center of mass (XCoM) can then be calculated, with a
larger MoS indicating greater dynamic stability (Fig. 3).
The interaction between fatigue and MoS has been studied previously in older
adults using the forward fall test, but fatigue was not shown to affect MoS (93). However,
in that study, only a specific muscle group (KE) was fatigued. While the KE are
important in balance recovery (59), recovery from a fall may require coordinated action
of the entire neuromuscular system. Recently, a 32 min walk test (32MWT) with brief
intermittent challenges was shown to induce fatigue in older women (45). As walking is a
functional task involving multiple muscle groups, the 32MWT may be a better method to
determine the effect of fatigue on fall recovery ability in older adults. Therefore, the
purpose of this study was to investigate how voluntary and stimulated muscle
characteristics relate to dynamic stability in young and older women before and after a
functional walking task. The following hypotheses were tested:
Hypothesis 1.1: Margin of stability (MoS) will be lower in the older than young group at
baseline.
Hypothesis 1.2: MoS will increase over the 10 baseline trials in both groups.
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Hypothesis 2.1: Maximal voluntary isometric (MVIC), power generated at 270 deg∙s-1,
and maximal velocity will be lower post-32MWT compared with baseline in both groups.
Hypothesis 2.2: MoS will decrease from baseline to post-32MWT only in the older
group.
Hypothesis 2.3: Maximal KE velocity will be positively associated with MoS at baseline
and post-32MWT in the older group, but not in the young group.
Exploratory Aim 1: The potential mechanisms of contractile slowing following the
32MWT were explored. Muscle RFR, RFR, T1/2, and 10:80Hz peak torque were
measured using stimulated isometric contractions to evaluate post-walk changes within
the muscle. The ratio of voluntary to stimulated RFD was used to determine changes in
central motor drive. Because these mechanisms had not previously been investigated
following this novel fatiguing protocol, it was not known if or how they may change.

Methods
Study Participants
Nine young (21-40 years) and 17 older (65-80 years) women without impairments
in physical function were recruited for this study. Older women were studied as they are
at greater risk of fall-related injury and rely more on the velocity component of power
than older men (95, 115). The forward fall test was expected to differentiate stable and
unstable older women but be of minimal difficulty for younger women (143). Due to the
expected homogeneity within the young group, fewer young women were recruited.
Functional impairment was defined as a score of less than 11 on the Short Physical
Performance Battery (SPPB; 54, 127). Participants reported being sedentary to
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recreationally-active, and PA was quantified by accelerometry. Participants had no lowerlimb injuries affecting physical performance and were not taking medications known to
affect metabolic or neuromuscular function. Individuals were excluded if they had been
diagnosed with osteoporosis.
Prior to enrollment in the study, participants were screened by telephone
interview for general health, medical history, current medications, and usual PA habits.
At that time, the inclusion and exclusion criteria and procedures were described in detail.
If the individual qualified and agreed to participate, their first visit to the Muscle
Physiology Lab was scheduled.

Procedures
Each participant made 3 visits to the Kinesiology Department at the University of
Massachusetts Amherst. The first visit involved additional screening as well as
consenting, habituation, and measures of physical function. The 2 subsequent visits were
testing sessions. Physician consent to participate was required of all older women prior to
the first testing session (second visit). The testing sessions were scheduled 3 to 14 days
apart, and each participant completed their two testing sessions at a similar time of the
day. Participants were asked to maintain their usual level of PA but refrain from overly
strenuous activity for 24 hours prior to each testing session.

Visit 1: Consenting, Habituation, Physical Function
After arriving at the Muscle Physiology Lab, the study protocol was explained to
participants and any questions and concerns were addressed. The participants read and
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signed the informed consent document and had any further questions answered by the
investigator. If participants chose to participate in the study, they signed the informed
consent document in accordance with the Institutional Review Board. Subsequently, the
participant filled out a Physical Activity Readiness Questionnaire (PARQ), Medical
History Form, and the Falls Self-Efficacy International (FES-I) form (Appendix).
The PARQ was used to determine if the participant had any physical activity
restrictions that would preclude their participation. The Medical History Form asks
participants about relevant diseases and medical diagnoses in order to verify that the
participant met all inclusion criteria and none of the exclusion criteria. Finally, the FES-I
contains questions regarding an individual’s concern about falling in different scenarios,
such as getting dressed or walking (145). The FES-I has been to shown to be predictive
of poor balance, low muscle strength, and future fall risk (35). After completing the
questionnaires, the participant’s resting blood pressure was taken and height and body
mass were determined (Detecto Scales Inc., Brooklyn NY). A body mass index was then
calculated (mass∙height-2).

Physical Function Measures
Physical function was then evaluated using the advanced Short Physical
Performance Battery (SPPB-A), which is a 3-part test. Participants first completed 10
chair rises from a standardized chair as quickly as possible with their arms crossed over
their chest. Though the SPPB specifies 5 chair rises, the advanced version (SPPB-A) uses
10 chair rises. Participants then walked along a straight, 4 m line on the floor at a casual
speed, as if they were walking down the street. This was repeated twice. The time to walk
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4m was recorded, with the fastest time was used for analysis. Next, participants’ static
balance was determined using 3 foot positions (side-by-side, semi-tandem, and tandem).
Participants attempted to hold each foot position for as long as possible, up to 30 s. If the
participant moved their feet or reached for balance (the wall or the researcher) during the
task, the trial was stopped. The participants were scored from 0-12 based on their ability
to complete the tasks, with a 12 indicating no impairment. The SPPB-A is an expanded
version of the SPPB and is scored continuously from 0-4. This allows for greater
differentiation between individuals with high (11 or 12) scores on the SPPB. As such,
data from the SPPB-A and not the SPPB are reported below.
Finally, a 400m brisk walk was conducted, which consisted of 10 laps between 2
cones spaced 20m apart. The participant was instructed to walk at a quick speed that they
could maintain for the entire 400m, with the instruction to walk as if they were “trying to
catch a bus”. Each lap was timed in order to determine average gait speed over the 400m
walk. This average gait speed was used for the speed of the 32MWT during subsequent
testing sessions.

Assessment of Physical Activity
To objectively quantify PA, participants wore a uniaxial accelerometer attached to
an adjustable belt (model GT1M, Actigraph, LLC Pensacola, FL, USA). Participants
were instructed to wear the accelerometer on their waist during waking hours for 7
consecutive days, excluding any activities performed in water (e.g. bathing, swimming,
etc.), and to maintain their normal level of PA. Additionally, participants kept a written
log of all activities, including times, durations, and types of activity. This log was used to
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capture any activities that are poorly recorded by the accelerometer, such as cycling, and
those activities for which the accelerometer cannot be worn, such as swimming.

Visits 2 and 3: Testing Sessions
Participants underwent 2 protocols (Protocols A and B). These protocols were
performed on separate days, and the order in which they were performed was randomized
and balanced across groups. For both sessions, standardized lab shoes (New Balance)
were provided. If the participant wore orthotic inserts, they were able to use them in the
provided shoes. Participants’ dominant leg was tested for both sessions (determined by
asking: “which leg would you use to kick a ball?”).

Protocol A: Neuromuscular Recovery
Following 5 min of warm-up exercise on an unloaded cycle ergometer,
participants were seated in a Biodex 3 Dynamometer (Biodex Medical Systems, Shirley,
NY) with approximately 90° of hip flexion and 100° of knee flexion (80° from full
extension). The participant’s dominant leg was studied unless the participant reported a
pre-existing knee injury or pain or discomfort in that leg. The leg was attached to the
padded lever arm of the Biodex with a Velcro strap approximately 2cm above the ankle
joint. Chest and lap straps were secured over the participant to prevent extraneous
movement of the upper body. The dynamometer was then adjusted to allow the
participant to extend the knee through a 70° range of motion.
Two 7.62 cm by 12.70 cm electrode pads were placed over the quadriceps for
electrical stimulation of the KE. One electrode was placed 2 cm superior to the proximal
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border of the patella and one 2 cm distal to the inguinal crease. In order to record
electromyographic activity, a bipolar electrode was placed over the belly of the rectus
femoris muscle, with a ground electrode placed over the contralateral patella.
Participants then performed 3 maximal (“as fast and hard as possible”) isometric
(MVIC) KE contractions at 100° of knee flexion. Each MVIC lasted 3 – 5 s, with 2 min
of rest between contractions to prevent fatigue. If torques produced during 2 of the
contractions were not within 10% of each other, an additional contraction was performed.
The highest torque produced was recorded as the MVIC. Stimulated isometric
contractions were then elicited using an 80Hz train, with the current gradually increasing
until the torque produced was 50% of the participant’s MVIC. This same current was
used during all subsequent stimulated contractions.
Participants then performed dynamic isokinetic contractions ranging from 60-300
deg∙s-1 in 60 degree increments in order to produce a torque-velocity curve (TVC). Three
contractions were performed at each velocity, tested in a randomized order, with 2 min of
rest between each velocity tested. Peak torque at each angular velocity was expressed as a
percentage of peak isometric torque and plotted for each participant. The data were then
fit with a second-order polynomial, and the equation describing this curve was used to
determine the velocity at which 50% of peak isometric torque (V50, deg∙s-1) was
generated. This allowed for characterization of groups’ torque-velocity relationship (19).
Next, a series of stimulated and maximal voluntary contractions at 0 (MVIC),
120, 270, and 500 deg∙s-1 were performed in rapid succession. Participants first
performed the MVIC; an 80Hz, and 10Hz, 1 s train was then applied. Participants then
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performed two dynamic contractions each at 120, 270, and 500 deg∙s-1. This series of
contractions took approximately 30 s to complete.
The 500 deg∙s-1 contraction was used to determine the participants’ maximal
contraction velocity, which is typically between 270 and 400 deg∙s-1 in older women (83).
Because participants did not reach 500 deg∙s-1, no load was applied by the dynamometer.
Thus, we were able to determine the maximal velocity at which participants could extend
their leg without any resistance.
Significant differences in MVIC torque and maximal KE velocity were found
when the 3 initial MVICs and maximal velocity contractions from the TVC were
compared with the respective contractions performed during the pre-32MWT series of
voluntary and stimulated contractions. The largest values were used for primary analysis
and reported here, regardless of whether they occurred during the TVC or pre-32MWT
contractions. However, these differences in MVIC torque and maximal KE velocity were
analyzed and are discussed in detail below.
Following testing on the Biodex, participants completed the 32MWT. As
previously described (45), participants walked on a treadmill for 30 min at the speed
determined during their 400m walk test; this was followed by 2 min of over-ground
walking to eliminate any motion after-effects, which can conflict with perception of selfmotion (57). The treadmill walking task was thus a 32 minute walk. At minutes 7, 17, and
27, the grade of the treadmill was increased to 3% for 1 min in order to simulate a hill or
other challenge older adults may face during daily activities. This protocol has been
shown to produce a modest amount of fatigue in healthy older women (45). Throughout
the 32MWT, study personnel were positioned to provide support to the participant to
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prevent falls. Ratings of perceived exertion were recorded every 5 min using the modified
Borg Rating of Perceived Exertion scale of 0-10 (17).
Immediately following the 32MWT, participants were reseated in the Biodex. The
series of isometric, stimulated, and dynamic contractions was then performed. This series
were performed at 2, 5, 15, and 30 min following the 32MWT, in order to monitor
recovery.
All measures of muscle torque, velocity, and power were obtained using a
custom-written Matlab program. Peak isometric torque and power generated at 270 deg∙s1

were reported in absolute values as well as normalized to each participant’s body mass.

Power at 270 deg∙s-1 was chosen as the primary measure of power as this may be the
highest velocity that some older women can attain in an unfatigued state (83), and highvelocity contractions were of primary interest in the present study.
Muscle contractile properties at baseline and during recovery were evaluated by
measuring the peak tetanic torque, RFD, RFR, and T1/2 from the 80Hz stimulation train.
Maximal RFD was established from the peak value obtained of the first derivative (df/dt,
expressed as % of peak torque obtained in the contraction) of the 80Hz stimulation train.
The T1/2 was calculated as the time from the final stimulus until torque fell by 50% (18,
19). In order to determine possible changes in central motor drive, the RFD during MVIC
was normalized to the RFD of the 80Hz train, with a decrease in the ratio of
voluntary:stimulated RFD following the 32MWT suggesting a decrease in central motor
drive (78). The peak torque elicited during the 10Hz and 80Hz stimulation was also
compared, with a decrease in the 10:80Hz ratio likely representing excitation-contraction
coupling failure (low-frequency fatigue; 39, 141). Muscle fatigue was defined as a
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significant decline in peak isometric torque (MVIC) or power production at 270 deg∙s-1 in
response to the 32MWT.
Activity counts from the uniaxial accelerometer were downloaded and analyzed.
Data were obtained and analyzed using 60s epochs; moderate to vigorous PA (MVPA)
was determined with previously identified cutpoints (46), and total PA counts for each
day were divided by 1000. A 5 day average (including one weekend day) of MVPA and
PA was obtained, creating one value per participant (97).

Protocol B: Dynamic Stability and Recovery
Participants first warmed-up on an unloaded cycle ergometer for 5 min. Wireless
surface electromyography (EMG) electrodes (Trigno, Delsys Inc., Natick, MA USA)
were placed on the tibialis anterior, medial and lateral gastrocnemii, biceps femoris,
semitendinosus, vasutus lateralis, and vastus medialis muscles according to standardized
guidelines (131). The researcher assisted the participant in putting on a full-body safety
harness, which wrapped around both the shoulders and hips and was adjusted based on
each participant’s body dimensions.
Segment kinematics were tracked using retro-reflective markers placed on the
following landmarks: jugular notch, 7th cervical vertebra, anterior superior iliac spines,
posterior superior iliac spines, right and left: acromion processes, olecranon processes,
ulnar and radial styloids, greater trochanters, lateral and medial epicondyles, lateral and
medial malleoli, 1st and 5th metatarsal heads, and 1st phalanges of the feet. Participants
also wore a crown on their head consisting of 5 markers (1 on top and 4 on the sides at
the temporal level). Clusters consisting of four markers were placed on the lateral aspects
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of the right and left thigh, shank, and upper arm segments. Clusters of three markers were
placed on the heel of each shoe. Once markers were placed, participants stood in the
anatomical position for 10 s in order to record a static calibration trial.
The participant’s harness was then connected to a rope securely attached to an
overhead anchor point and adjusted so that only the feet would make contact with the
ground in the event of an unsuccessful balance recovery attempt. For the forward fall test
(Fig. 1), the participant stood on a force platform (AMTI, Watertown, MA, USA), which
collected ground reaction forces at 2000Hz. A tether with a quick release apparatus was
attached to the participant’s safety harness horizontally, approximately level with the
posterior superior iliac spines. The participant then leaned forward against the tether, and
the researcher gave instruction to increase or decrease their degree of lean until 25% of
their body weight (25%BW) was recorded in the anterior-posterior (AP) direction on the
force platform. Between 2 and 10 s after participants were in position, the researcher
released the tether without warning, and participants attempted to recover their balance
by stepping onto a separate force platform located directly in front of them (21). Prior to
and throughout testing trials, participants were reminded that the goal was to attempt to
recover their balance using only one step with their dominant leg. To familiarize
participants with this measure, they performed 3 practice trials at 10% and 15%BW prior
to the testing trials. During these practice trials, the participants were given a verbal
countdown from 3, at which time the tether was released.
Several previous studies have shown that at a lean magnitude of 20%BW,
approximately half of older adults are able to recover balance in one step at least once
over 3-4 trials; the other half either do not recover balance or recover with multiple steps
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(20, 21, 134). A study by Barrett et al. (2012) demonstrated that when older participants
completed 4 forward fall trials at 20%BW, MoS at foot contact (FC) was increased in
trials 2-4 compared with trial 1. Additionally, MoS at the maximal knee joint angle after
FC was greater for trial 4 than trial 2 (Fig. 2). These results indicate improvements in
MoS may continue to occur after 4 trials.
In an attempt to provide a sufficient challenge to all participants and reach a
plateau in MoS, participants in the present study performed 10 baseline trials at 25%BW.
These trials were immediately followed by the 32MWT, as described in Protocol A. To
evaluate recovery of MoS, 8 forward fall trials at 25%BW were conducted at 2, 3, 4, 5,
15, 16, 30 and 31 mins post-32MWT (denoted 2R-31R). All participants were seated
between the 5R and 15R trials as well as the 16R and 30R trials.
Kinematic and kinetic data were collected using Qualisys tracking software
(Qualisys, Gothenburg, Sweden). These data were then imported into Visual 3D (CMotion, Germantown, MD) for construction of segment properties (mass, moment of
inertia), as well as segment positions and joint positions. Additionally, Visual 3D was
used to determine the timing of FC with the recovery leg, which was defined as the first
force in excess of 20N on the anterior force plate.
With these data, a Matlab (Mathworks, Natick, MA) program was used to
determine MoS at FC (refer to Fig. 3), which is defined as the distance between the
anterior boundary of the BoS and the extrapolated center of mass (XCoM, m).

𝑀𝑜𝑆 = 𝐵𝑜𝑆 − 𝑋𝐶𝑜𝑀
The BoS is the AP distance between the 1st phalange markers of the supporting and
recovery legs, and XCoM is calculated as:
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𝑋𝐶𝑜𝑀 = 𝑃𝐶𝑜𝑀 +

𝑉𝐶𝑜𝑀
√g/𝑙

where PCoM (m) is the distance between the position of the 1st phalange marker of the
supporting foot and the vertical projection of the center of mass in the AP direction, VCoM
(m∙s-1) is the anterior–posterior velocity of the center of mass, g (m∙s-2) is the acceleration
due to gravity, and l (m) is the distance between the center of mass and the ankle joint
center in the sagittal plane (21, 62).

Statistical Analyses
All statistical analyses were performed using Statistical Analysis Software (SAS
Version 9.4, Cary, NC). An α level of 0.05 was used to establish significance.
Differences in descriptive characteristics were tested using independent t-tests. Margins
of stability from the first 3 baseline trials were averaged for each participant (93), with
the resulting value representing their initial MoS. Similarly, means of the last 3 baseline
trials and the first 3 post-32MWT trials represented pre-32MWT and post-32MWT MoS,
respectively.
Hypothesis 1.1 was tested by comparing each groups’ initial and pre-32MWT
MoS using an independent t-test. Hypothesis 1.2 was tested by comparing initial and pre32MWT MoS using a paired t-test within groups. Where t-tests indicated significance,
hypotheses 1.1 and 1.2 were tested over trials and across groups using a two-factor
(group, trial), MIXED procedure repeated measure ANOVA (rmANOVA). When
significant group-by-trial interactions were found, Tukey adjustments were used to
account for multiple comparisons and determine where differences existed.
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Hypothesis 2.1 was tested by comparing peak baseline values to 2 min recovery
(2R) using a paired t-test. Where t-tests indicated significance, recovery time points were
tested over time and across groups using a two-factor (group, trial), MIXED procedure
repeated measure ANOVA (rmANOVA). When significant group-by-time interactions
were found, Tukey adjustments were used to account for multiple comparisons and
determine where differences existed. Hypothesis 2.2 was tested by comparing pre32MWT and post-32MWT MoS using a paired t-test within groups.
The relationship between maximal KE velocity and MoS (Hypothesis 2.3) was
examined with linear regression. For exploratory aim 1, paired t-tests were used to
compare peak baseline values.

Results
Baseline Characteristics
Group characteristics are summarized in Table 1. Compared with the young group
(Y, n=9), the older group (O, n=17) was taller and had greater mass and higher BMI.
Older women had lower scores on the advanced-SPPB and a slower speed during the
400m brisk walk. The groups did not differ in daily PA counts, MVPA, or FES-I scores.
There was no difference in V50 between groups (Y: 221.8 ± 14.4 deg∙s-1, O: 215.0 ± 9.6
deg∙s-1, p=0.77; Fig. 4).
Group mean KE MVIC, power at 270 deg∙s-1, and maximal velocity data are
provided in Table 2. Older women had lower isometric torque, produced less power at
270 deg∙s-1, and had slower maximal velocity than young women. These differences
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remained when isometric torque and power at 270 deg∙s-1 were normalized to body mass
(p<0.001)
Contractile characteristics are presented in Table 2. Peak torque and RFD elicited
from the 80Hz stimulation were similar between groups (p>0.69). However, RFR was
slower and T1/2 was longer in older than young (p<0.02), indicating slower muscle
relaxation properties in older women. There were no group differences in
voluntary:stimulated RFD or 10:80Hz ratios (p>0.24).
Data from one young participant were excluded from MVIC and power measures
as her values were greater than two standard deviations from the group mean of the
young women. Stimulated contractile data were also not available for one young and one
older participant due to measurement complications. However, these participants’ data
were included for all other analyses.

Baseline MoS
Baseline measures of dynamic stability (MoS) were available for 15 older and all
young (n=9) participants (Table 3, Figure 5). Older women had lower MoS than young
women during both the initial and pre-32MWT baseline trials. Within groups, MoS
increased over the 10 trials in both young and older women.
A two-factor (group, trial) repeated measure ANOVA offered a more detailed
analysis of baseline MoS differences between and increases within the groups.
Significant effects of group (p=0.0001), trial (p=0.003), and group-by-trial interactions
(p=0.05) were found. Post hoc analysis indicated that MoS was lower in older than young
women for trials 1 through 6 and 8 (p<0.04). There were no differences in MoS between

53

groups for trials 7, 9, and 10 (p>0.16). In terms of increased MoS over the 10 baseline
trials, no differences were found between any of the trials within the young group
(p>.94). However, MoS during trial 9 was higher than trials 1 and 5 in older women
(p<0.004).

Effects of 32MWT on Torque, Power, and Velocity
Differences in both isometric torque and maximal velocity were found when the
three initial MVICs and maximal velocity contractions from the torque-velocity curve
(TVC) contractions were compared with the MVIC and maximal velocity contractions
performed during the pre-32MWT contractions. While there were no differences between
TVC and pre-32MWT contractions in the young group (p>0.53), the TVC values were
significantly greater than the pre-32MWT values in the older group for both MVIC
(p<0.0001) and maximal velocity (p=0.001).
When the highest TVC MVIC was compared with the MVIC at 2R, a decrease
was found in both young (p=0.03) and older (p=0.001) groups, indicating isometric
fatigue was present. However, when the pre-32MWT MVIC was compared with the
MVIC at 2R, there was no change in either group (p>0.17), indicating no isometric
fatigue. Maximal velocity, whether from TVC or pre-32MWT contractions, did not differ
from baseline at 2R in either group (p>0.16).
The largest values obtained for MVICs and maximal velocity were used for
statistical analysis, regardless of whether they occurred during the TVC or pre-32MWT
contractions. This approach was used previously by Foulis (2013), on whose fatiguing
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protocol the present study is based. Additionally, some individuals (1 older, 4 young) did
generate higher values during the pre-32MWT than TVC contractions.
Maximal voluntary isometric torque, power at 270 deg∙s-1, and maximal velocity
following the 32MWT are presented in Table 4 and Figure 7. Maximal isometric torque
was lower in the young (p=0.04) and older (p<0.001) and groups at 2R compared with
baseline, which would indicate that isometric fatigue developed in response to the
32MWT. For power at 270 deg∙s-1, both groups demonstrated an increase at 2R compared
with baseline (p<0.05). Maximal KE velocity did not differ from baseline at 2R in either
group (p>0.22).
Repeated measures ANOVA yielded no main effect of group (p=0.92) or time
(p=0.20) for recovery measures of MVIC. However, the group-by-time interaction effect
was significant (p=0.01), with post hoc analysis demonstrating higher torque at 5R than
2R in the older group (p=0.04).
For power generated at 270 deg∙s-1 during recovery, there were significant main
effects of group (p=0.03) and time (p<0.0001), but no interaction effect (p=0.14).
Overall, power was higher in the young group, and power was lower at 15R and 30R
compared with 2R (p<0.04). As power at 2R was higher than at baseline in both groups,
these results indicate that power increased in response to the 32MWT and returned
towards baseline throughout recovery.
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Effects of 32MWT on MoS
Measures of dynamic stability (MoS) during the forward fall test are presented in
Figure 5. When pre-32MWT MoS was compared with post-32MWT MoS within each
group, no difference was found within either group (Table 3, p>0.34).
Linear regression (Fig. 8) revealed no association between maximal KE velocity
and pre-32MWT MoS in either the young (r2=0.1, p=0.32) or older (r2=0.03, p=0.44)
groups. Similarly, KE maximal velocity at 2R demonstrated no relationship with post32MWT MoS in either the young (r2=0.20, p=0.22) or older (r2<0.01, p=0.95) groups.

Effects of 32MWT on Contractile Characteristics
Measures of contractile characteristics are presented in Table 4 and Figure 9. RFD
did not appear to be affected by the 32MWT, as there was no difference from baseline in
either group (p>0.23). Maximal RFR trended towards being faster than baseline at 2R in
the older (p=0.06) and young (p=0.09) groups. Half-relaxation time was slower than
baseline at 2R in the older group (p=0.004), but did not differ from baseline in the young
group (p=0.40). For both the ratios of peak torque produced from the 80Hz and 10Hz
stimulations (10:80Hz) and voluntary:stimulated RFD, neither group demonstrated a
difference from baseline.

Discussion
The purpose of this study was to determine whether KE maximal velocity is
related to MoS in young and older women prior to and following a functional walking
task (32MWT). Overall, older women generated less isometric torque and power and had
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slower maximal velocity than young women at baseline. Older women had lower MoS
than young women, indicating less dynamic stability. However, maximal velocity did not
correlate with MoS before or after the 32MWT in either group. While there was some
indication of fatigue resulting from the 32MWT, it did not appear to affect MoS in either
group. Notably, both young and older women demonstrated an increase in MoS over 10
baseline trials of the forward fall test; researchers should consider this increase in MoS
when using the forward fall test to evaluate real-world fall risk.

Baseline Characteristics
Older women were taller and had greater mass than younger women.
Additionally, older women had lower scores on the advanced-SPPB and a slower speed
during the 400m brisk walk, as expected, indicating impaired physical function compared
with young women. There was no difference in V50 between groups. which disagrees
with a previous study from our lab (19). Compared to the previous study (19), V50 in the
present study was approximately 15 deg∙s-1 faster in older women and approximately 22
deg∙s-1 slower in young women.
Maximal isometric torque, power at 270 deg∙s-1, and maximal velocity were lower
in older than young women, and these differences remained when isometric torque and
power at 270 deg∙s-1 were normalized to body mass. These differences were expected and
have been frequently demonstrated in the literature (18, 19, 115).
Contractile characteristics were available for 8 young and 16 older women (Table
2). Peak torque and RFD elicited from the 80Hz stimulation were similar between groups
(p>0.69). However, RFR was slower and T1/2 was longer in older than young (p<0.02),
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indicating slower muscle relaxation properties in older women. These results are similar
to those of past studies in our lab (19, 82). There were no group differences in
voluntary:stimulated RFD or 10:80Hz ratios (p>0.24).

Baseline MoS
Hypotheses 1.1 was confirmed by the data, in that MoS was lower in older than
young adults at baseline. Using a t-test to compare initial and pre-32MWT MoS for each
group, older women had lower MoS than young at both the start and end of the 10
baseline trials. Using rmANOVA, a more conservative analysis accounting for the
numerous comparisons, it was found that MoS was significantly lower in older women
for 7 of the 10 trials, with trials 7, 9, and 10 being similar between groups. This result is
not surprising, as several other studies using this method have shown less dynamic
stability in older than young adults (21, 64, 93, 143).
Several mechanisms have been proposed to explain difference in MoS between
young and older adults. For instance, young adults are found to have a stiffer quadriceps
muscle-tendon units than older adults (73, 74), which may allow for higher MoS in the
young by minimizing electromechanical delay. However, no difference in stiffness was
found when comparing older adults who were and were not able to recover from a
forward fall test (4). Longer reaction time in older adults may account for their lower
MoS, though several studies have shown no difference in reaction times between young
and older adults (5, 93). In studies that have shown an age difference in reaction time,
longer reaction times were only observed in older adults at small lean angles, with no
apparent differences between young and older adults at larger lean angles (134, 143).
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To my knowledge, no other studies have performed more than 4 forward fall trials
at a given percentage of body weight. In a study by Barrett et al. (2012), it was found that
MoS may continue to increase after 4 forward fall trials at 20%BW in older adults. The
present study sought to overcome this improvement by performing 10 trials, allowing for
comparison of MoS between young and older women after they had reached a plateau.
When comparing initial and pre-32MWT MoS with a t-test, both young and older
women demonstrated an increase over the 10 trials, confirming hypothesis 1.2. Using
rmANOVA, it was found that trials 1 and 5 were significantly lower than trial 9 within
the older group, though no such differences were found in the younger group. Margin of
stability was also lower in older than young women for trials 1-6 and 8, but not for trials
7, 9, and 10. These results indicate not only that older women increased their MoS, but
that this increase was of sufficient magnitude to statistically overcome the deficit in MoS
compared with young women by trials 9 and 10. However, a plateau in MoS was not
readily apparent, and MoS may continue to increase past 10 trials.

Effects of 32MWT on Torque, Power, and Velocity
Isometric torque, power at 270 deg∙s-1, and maximal velocity were expected to
decrease following the 32MWT in both young and older women (hypothesis 2.1), but this
was not supported by the data. However, these results are somewhat equivocal due to the
discrepancies between TVC contractions and pre-32MWT contractions.
It is possible that the series of contractions, which was performed at baseline and
at each recovery time point, somehow affected participant performance. The series
consisted of an MVIC, 2 electrically-stimulated contractions, and 2 isokinetic
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contractions at 3 velocities. It is possible that apprehension about electrical stimulations
prior to this series may have affected participant motivation, hindering maximal
performance. This apprehension would not have affected TVC contractions however, as
all TVC contractions were performed prior to any stimulated contractions. Fatigue prior
to the series of contractions is unlikely to have accounted for the difference in values, as
adequate rest was provided between all baseline measures. Further investigation is
warranted in order to determine if these results are reproducible and, if so, the source of
the discrepancy between TVC and series contractions.
Each participant’s maximal baseline value, whether occurring during the TVC or
pre-32MWT contractions, was used for analysis. This method was chosen for 2 reasons:
1) the fatiguing protocol (32MWT) was based on a previous study by Foulis (2013), who
also compared TVC contractions to series contractions, and 2) some individuals (1 older,
4 younger) did generate higher values during the pre-32MWT than TVC contractions.
However, the discrepancy between TVC and series contractions should be considered
when interpreting these results.
Both young and older women demonstrated a decrease in MVIC torque and an
increase in power generated at 270 deg∙s-1 from baseline to 2R. Maximal velocity did not
appear to change from baseline in either group, which was unexpected as Petrella et al.
(2005) found that maximal velocity decreased 24% in older adults following just 10
maximal, bilateral isotonic knee extensions at 40% of maximal voluntary dynamic
contraction. Foulis (2013) found a decrease in MVIC torque at 2R compared with
baseline, but power at 270 deg∙s-1 was decreased from baseline to 2R and remained
depressed at 60 min of recovery (45).
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With lower peak isometric torque, no change in maximal velocity, and all
participants able to attain 270 deg∙s-1, it is unclear why torque, and thus power, at 270
deg∙s-1 would be increased following the 32MWT. A potentiation effect of the 32MWT
walk is possible, although participants performed a 5 min unloaded cycling warm up as
well as approximately 20 contractions at various speeds prior to this baseline power
measure. Had 270 deg∙s-1 been included in the TVC, it is possible that comparing the
TVC power value to that at 2R would have mitigated the power increase, similar to the
discrepancies noted with MVIC and maximal velocity contractions. However,
approximately 60% of young and older women demonstrated an increase in power at 270
deg∙s-1 following the 32MWT. Power at 270 deg∙s-1 was also found to recover towards
baseline at 15R and 30R, which would be expected if the increase in power seen at 2R
was an effect of the 32MWT.
Overall, the 32MWT appeared to elicit isometric fatigue, increase high-velocity
power production, and have no effect on maximal velocity in both groups. Therefore, the
results do not clearly indicate either a fatiguing or potentiation effect of the 32MWT in
young or older women.

Effects of 32MWT on Dynamic Stability
Neither group demonstrated a change in MoS following the 32MWT. This lack of
change is counter to hypothesis 2.2, in which older women were expected to have a
reduction in MoS after the 32MWT. However, the consistency in MoS from baseline to
recovery trials may indicate that increases in MoS had plateaued by the end of the 10
baseline trials.
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Older adults who perform better on the forward fall test have been shown to more
rapidly advance their BoS (4), i.e. rapidly move their recovery limb into a more stable,
anterior position. Additionally, improvements in MoS following a 14-week dynamic
stability training protocol resulted, in part, from a faster increase in the BoS (5). As such,
it was hypothesized (hypothesis 2.3) that maximal KE velocity would be positively
associated with MoS; the faster an individual could extend their leg, the faster they could
advance their BoS. This hypothesis was not supported by the data at baseline or
following the 32MWT. However, it is possible that the marked increase in MoS seen over
the baseline trials could be a result of increased rate of BoS advancement, and that
increased contractile velocity over the baseline forward fall trials contributed to the
increase in MoS.

Effects of 32MWT on Contractile Properties
Exploratory aim 1 examined potential mechanisms of decreased maximal velocity
following the 32MWT by examining changes in contractile properties. While there were
several changes in these properties, maximal velocity was unaffected by the 32MWT.
Maximal stimulated RFD did not differ from baseline at 2R in either group. Additionally,
no change in the ratio of voluntary to stimulated RFD was demonstrated in either group,
indicating no impairment in central motor drive.
Maximal RFR did trend toward being slower in both young (p=0.09) and older
(p=0.06) women, and T1/2 was significantly longer in older women (p<0.01), following
the 32MWT. This slowed force relaxation is in agreement with previous studies (45, 76)
and may be a result of slowed calcium resequestration by the sarcoplasmic reticulum or
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greater accumulation of inhibitory metabolites, such as Pi and H+ (2, 142). However,
there was no change in the 10:80Hz ratio in either group, making it unlikely that impaired
calcium kinetics contributed to the apparent slowing of older muscle.
Maximal KE velocity and power generation at higher velocities (e.g. 270 deg∙s-1)
would be expected to be lower following the 32MWT given that older women exhibited
slower contractile properties. However, maximal velocity was unaffected, and power
generated at 270 deg∙s-1 was found to increase at 2R compared with baseline. Thus, it is
appears that the slowing of contractile characteristics in older women did not affect
whole muscle function.

Limitations
Participants in this study were relatively active, with both groups performing an
average of approximately 30 min MVPA per day. Though the groups were well-matched
for MVPA, which allowed for better analysis of age effects, the high level of MVPA
makes it difficult to generalize the results to the broader population, especially to older
adults. The older group was also taller, heavier, and had higher BMIs than the young
group, though these factors were not associated with MoS.

Conclusion
Margin of stability increased over 10 baseline forward fall trials; this increase
should be taken into consideration when using the forward fall test to evaluate real-world
fall risk. The 32MWT elicited fatigue in some measured variables, but improved or had
no effect on others. These results contrast those of a previous study using this walking
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protocol. Thus, further investigation is warranted to determine the validity and reliability
of this protocol in fatiguing young and older women. Additionally, there was no
association between maximal KE contractile velocity and MoS. Future studies should
investigate other potential causes of the lower dynamic stability in older compared with
young adults. Elucidating the cause of lower MoS in older adults may allow for
recommendations or interventions to decrease fall risk in older adults.
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CHAPTER V
SUMMARY
Older adults experience greater physical dysfunction than young adults. A strong
predictor of physical dysfunction is a loss of muscular power, and this loss is primarily
due to a reduction in contractile velocity. Older adults, especially older women, are at a
greater risk of falling and fall-related injury than young adults. As recovery from a fall is
partly dependent on one’s ability to quickly move the body into a stable position, agerelated reductions in power and contractile velocity may contribute to the increased fall
risk in older compared with young adults. Fatigue has also been shown to reduce
muscular power and contractile velocity, which may further increase fall risk. Therefore,
this study sought to determine whether a functional, thirty-two minute brisk walk
(32MWT) would induce fatigue and increase fall risk in young and older women. To
examine the effects of the 32MWT, muscle function was determined with stimulated and
voluntary knee extensor contractions, and fall risk was assessed using a forward fall test.
The results did not clearly support the development of fatigue. It was shown that
isometric torque decreased, high-velocity power increased, and maximal velocity did not
change in young or older women following the 32MWT. However, there were
inconsistencies in these results, such that participant performance may have been
impacted by the method of data collection. These inconsistencies should be considered in
future studies of neuromuscular fatigue and physical function.
This study did find that performance on the forward fall test at baseline increased
with repeated trials in both young and older women. This result may be of importance to
other researchers, as performing multiple trials may affect the validity of this test in
evaluating real-world fall risk.
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Table 1. Descriptive Characteristics

Variable

Young

Older

9

17

Age, yr

24.3 (3.0)

71.1 (4.5)

Height, cm

157.1 (3.8)

162.2 (5.5)

0.03

Body Mass, kg

54.2 (5.9)

65.3 (9.4)

0.01

BMI

21.9 (2.0)

24.8 (3.3)

0.03

Adv. SPPB

3.2 (0.4)

2.6 (0.2)

<0.001

FES-I Score

18.0 (2.0)

19.4 (2.7)

0.20

400m brisk walk, m∙s-1

1.7 (0.1)

1.5 (0.1)

<0.001

PA Counts d-1∙1,000-1

274.3 (98.2)

279.2 (77.2)

0.90

31.8 (7.0)

33.2 (18.5)

0.85

n

MVPA mins∙d-1

p-value

BMI: Body Mass Index; Adv. SPPB: Advanced Short Physical Performance Battery;
FES-I: Falls Efficacy Scale-International (range 16-64); MVPA: Moderate-Vigorous
Physical Activity; Data are mean (SD).
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Table 2. Baseline Neuromuscular Measures
Voluntary
Young

Older

Variable

p-value
n=8

n=17

134.2 (24.3)

109.9 (24.1)

MVIC, Nm∙kg-1

2.5 (0.5)

1.7 (0.3)

Power at 270∙s-1, W

251.7 (48.7)

199.9 (35.9)

4.6 (0.9)

3.1 (0.5)

429.4 (35.6)

390.5 (20.9)

MVIC, Nm

Power at 270∙s-1, W∙kg-1
Max. KE Velocity, deg∙s-1

0.03
<0.001
0.01
<0.0001
0.002

Stimulated
Young

Older

Variable

p-value
n=8

n=16

Peak Torque, Nm

51.8 (5.2)

49.3 (15.2)

0.75

Max RFD, %peak torque∙ms-1

1.35 (0.14)

1.28 (0.31)

0.69

Max RFR, %peak torque∙ms-1

-1.06 (0.08)

-0.79 (0.12)

0.001

T1/2, ms

132.2 (8.0)

160.2 (27.6)

0.02

10:80Hz

0.57 (0.12)

0.54 (0.11)

0.69

Vol:Stim RFD

0.57 (0.14)

0.69 (0.26)

0.24

RFD: rate of force development; RFR: rate of force relaxation; T1/2: half-relaxation time;
10:80Hz: ratio of peak torque produced from 10Hz and 80Hz stimulation; Vol:Stim RFD:
ratio of voluntary to stimulated RFD. Data are mean (SD).
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Table 3. Margin of Stability in Young and Older Women

MoS (m)
Young

Older

n=9

n=15

0.004 (0.080)

-0.200 (0.200)

Pre-32MWT*† 0.044 (0.059)

-0.130 (0.130)

Post-32MWT*

-0.116 (0.116)

Initial*

0.053 (0.056)

Ten baseline forward fall trials were performed by young and older women prior to the
32MWT. Initial, pre-32MWT, and post-32MWT MoS were lower in older than young
adults. MoS increased from initial to pre-32MWT in both groups. * indicates difference
between Y and O; † indicates difference from initial in both Y and O. Data are mean
(SD).
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Table 4. Post-32MWT Neuromuscular Measures
Voluntary
Variable

Young n=8
Baseline

Older n=17
2R

p-value Baseline

2R

p-value

MVIC, Nm

134.2 (24.3) 108.7 (21.0)

0.04

109.9 (24.1)

101.6 (23.6) <0.001

Power at 270∙s-1, W

251.7 (48.7) 269.0 (50.7)

0.05

199.9 (35.9)

212.5 (38.9) 0.01

Max. KE Velocity,
deg∙s-1

429.4 (35.6) 417.2 (18.8)

0.22

390.5 (20.9)

388.9 (23.5) 0.54

Stimulated
Variable

Young n=8

Older n=16

Baseline

2R

p-value Baseline

2R

Peak Torque, Nm

51.8 (5.2)

56.7 (17.4)

0.01

56.7 (14.4) <0.001

Max RFD,
%peak torque∙ms-1

1.35 (0.14)

1.30(0.20)

0.50

Max RFR,
%peak torque∙ms-1

-1.06 (0.08)

-1.15 (0.17)

0.09

T1/2, ms

132.2 (8.0)

127.2 (15.8)

0.40

160.2 (27.6)

144.9 (34.6) <0.01

10:80Hz

0.57 (0.12)

0.59 (0.08)

0.28

0.54 (0.11)

0.55 (0.12) 0.95

Vol:Stim RFD

0.57 (0.14)

0.52 (0.17)

0.54

0.69 (0.26)

0.60 (0.16) 0.11

49.3 (15.2)

1.28 (0.31)

-0.79 (0.12)

p-value

1.38 (0.38) 0.23

-0.87 (0.20) 0.06

RFD: rate of force development; RFR: rate of force relaxation; T1/2: half-relaxation time;
10:80Hz: ratio of peak torque produced from 10Hz and 80Hz stimulation; Vol:Stim RFD:
ratio of voluntary to stimulated RFD. Data are mean (SE).
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100

Young

Older

90

Torque (%MVIC)

80
70
60
50
40
30
20
0

50

100

150

200

250

Angular Velocity (deg∙s-1)
Figure 4. Torque-Velocity Curve. Peak torque produced at different velocities normalized to peak isometric in
young and older women. Velocity at which 50% of peak torque was produced (V50) denoted by vertical lines for
young and older groups. Data are mean (SE).
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300

Young
Baseline

0.15
*

0.10
*

Margin of Stability (m)

0.05

Older

Recovery

*

*

*

*

*

0.00

-0.05
-0.10
-0.15
-0.20
-0.25
-0.30

†

†
-0.35
9 within the older group (indicated by †) Data are mean + SE; α=0.05.
1
2
3
4
5
6
7
8
9

10

2R

3R

4R

5R

15R

16R

Trial

Figure 5. Margin of Stability (MoS) in Young and Older Women. Ten forward fall trials were conducted before
a 32 min walking task (baseline). Following the walk, 8 trials were conducted over a 31 min period (recovery).
Larger MoS in young than older women during most trials (indicated by *) and significant differences from trial 9
within the older group (indicated by †). Data are mean (SE).
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30R

31R

A

100

Baseline

2R

Torque (%MVIC)

90
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30

B

100

Torque (%MVIC)
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50

40
30

0

50

100
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250

300

Angular Velocity (deg∙s-1)
Figure 6. Effect of 32MWT on Torque-Velocity Relationship. A: Older women; B: Young women. Contractions
performed at 0, 120, and 270 deg∙s-1 pre- and post-32MWT. Data are mean (SE).
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*

Power at 270bdeg∙s-1 (W)

300

Young

250

*

200
150
100

Max. Velocity (deg∙s-1)

500
450
400
350
300

Torque (Nm)

140
*

120

†

*

100
80
60
40

Baseline

2R

5R

15R

Figure 7. Power, Max Velocity, and Isometric Torque. All measures were greater in
young than older women at baseline. Following the 32MWT, torque was lower and
power was higher at 2R compared with baseline in both groups. *indicates difference
from baseline; † indicates difference from 2R in older women. Data are mean (SE).
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30R

Older

Young

0.3
0.2

A

r2 = 0.14
p = 0.32

Margin of Stability (m)

0.1
0.0
-0.1

r2 = .03
p = .44

-0.2
-0.3
-0.4
-0.5

0.2
r2 = 0.20
p = 0.224

B

Margin of Stability (m)

0.1

0.0
-0.1
-0.2

r2 = .0003
p = .949

-0.3
-0.4

-0.5
320

360

400
Velocity (deg∙s-1)

440

480

Figure 8. Linear Regression. Maximal KE velocity and MoS pre-32MWT (A) and post32MWT
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Older

Peak Torque (Nm)

Young

*†

70

Older

60
50
40

Max. RFD
(%peak torque∙ms-1)

30

1.60

1.40

1.20

1.00

Max. RFR
(%peak torque∙ms-1)

-0.20

-0.60

-1.00

-1.40

Half-Relaxation
Time (ms)

200

†

160
120
80
40
Baseline

2R

5R

15R

Figure 9. Contractile Characteristics (80Hz stimulations). Max. rate of force
relaxation (RFR) was slower and half-relaxation time (T1/2) was longer in older than
young women at baseline. T1/2 was longer following the 32MWT in older women.
*indicates difference from baseline in young women; † indicates difference from 2R in
older women. Data are mean (SE).
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30R

APPENDIX:
FORMS AND QUESTIONNAIRES
Medical History Form
Physical Activity Readiness Questionnaire
Falls Efficacy Scale-International (145)
Short Physical Performance Battery (54)
Patient-Reported Outcomes Measurement Information System (PROMIS) Fatigue Short Form (22)
Multidimensional Fatigue Inventory (129)
Physical Activity Log
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Medical History Form
Please fill out and sign in ink. This record is confidential.
Medical History
Do you take any prescribed or over-the-counter medications? Please include vitamins, herbs, or
other dietary supplements. If yes please list the dose, frequency and the duration of use.
______________________________________________________________________________
__________________________________________________________________
Have you ever been told by a physician that you should not exercise?
Yes ____

No ____

If yes, please explain: ______________________________

________________________________________________________________________

Do you have or have you EVER had any of the following problems? Check if YES and
provide details below.
____ Heart disease/rheumatic fever
____ Thyroid disorder
____Asthma
____ High blood pressure
____ Claustrophobia
____Allergies
____ Elevated Cholesterol
____ Anemia
____Stroke
____ Epilepsy or seizure disorder
____Diabetes
____Dizziness
____ Blurred or double vision
____ Orthopedic or joint problems (e.g., arthritis)
____ Shortness of breath or difficulty in breathing
____ Phlebitis, blood-clots, varicose veins, peripheral vascular disease
Lifestyle
Do you smoke cigarettes?
Do you drink alcohol?
Do you get regular exercise?
Have you had surgery?

Yes ____
No ____
Yes ____
No ____
Yes ____
No ____
If yes, number of times per week ________
Yes ____
No ____
If yes, when was this? _________________

Is there any other information or concerns you have that you feel we should know about before
you participate in the study? If yes please explain.
___________________________________________________________________________
___________________________________________________________________________
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PHYSICAL ACTIVITY READINESS QUESTIONNAIRE

1. Has a doctor ever said you have a heart condition and recommended only medically
supervised activity?
YES_______

NO_______

2. Do you have chest pain brought on by physical activity?
YES_______

NO_______

3. Have you developed chest pain in the last month?
YES_______

NO_______

4. Do you tend to lose consciousness or fall over as a result of dizziness?
YES_______

NO_______

5. Do you have a bone or joint that could be aggravated by the proposed physical activity?
YES_______

NO_______

6. Has a doctor ever recommended medication for your blood pressure or a heart condition?
YES_______

NO_______

7. Are you aware through your own experience, or a doctor’s advice, of any other physical
reason against your exercising without medical supervision?
YES_______

NO_______

Note: If you have a temporary illness, such as a common cold, or are not feeling well at this time
– POSTPONE.
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Short Physical Performance Battery
SPPB scoring chart
4
< 4.82

3
4.82-6.20

2
6.21-8.70

1
>8.70

<11.1

11.2-13.6

13.7-16.6

>16.7

Not needed

Not needed

Not needed

10

Semi-tandem
(s)

10

10

10

Full Tandem
(s)

10

3-9

0-9; tried but
unable; not
attempted
Not needed

Walk Time (s)
Chair Rise
Time (s)
Balance Tests:
Side-by-side
(s)

0
Unable to
complete
Unable to
complete
0-9; tried but
unable; not
attempted
<10; Tried
but unable;
not attempted
Not needed

0-2; tried but
unable; not
attempted
*For the balance test, if an individual is able to hold the semi-tandem pose for 10s they will not
be tested in the side-by-side position, which is considered easier. If an individual is unable to
hold the semi-tandem pose for 10s, they will not be tested in the full tandem position because it
is considered more difficult.
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Patient-Reported Outcomes Measurement Information System (PROMIS) Fatigue Short Form
Please respond to each question by marking one box per row. You may skip questions.
In the past 7 days…

1.

2.

3.

4.

5.

6.

7.

Never

Rarely

Sometimes

Often

Always

□

□

□

□

□

1

2

3

4

5

How often did you experience extreme
exhaustion?

□

□

□

□

□

1

2

3

4

5

How often did you run out of energy?

□

□

□

□

□

1

2

3

4

5

How often did your fatigue limit you at work

□

□

□

□

□

(include work at home)?

1

2

3

4

5

How often were you too tired to think clearly?

□

□

□

□

□

1

2

3

4

5

How often were you too tired to take a bath or
shower?

□

□

□

□

□

1

2

3

4

5

How often did you have enough energy to
exercise strenuously?

□

□

□

□

□

1

2

3

4

5

How often did you feel tired?
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Physical Activity Log
Daily Log
In addition to wearing the monitor over your hip during waking hours for (at least) 7 days,
please fill out this log completely for each day you wear the monitor. It is important that you
fill this log out as you go so that you do not forget any events. If you have any questions
please feel free to contact the Muscle Physiology Laboratory at 545-5305.
Day 1

Date: ___________ Day of the week ___________

Wake up Time: ________________
Monitor on Time: ______________

Bed Time: ___________________________
Monitor off Time: ____________________

1) Please list any physical activities (such as long walks, yard work, fitness club, etc), as well
as any naps during the day:
Activity:

Time:

Duration

2) Please list all medications, including dosage, taken during the day.
Drug Name:

Dosage:

Drug Name:

Dosage:

Did you wear the monitor during all waking hours (except for showering)?
Yes
No, Times not worn:____________________________
Was there anything out of the ordinary about your activity pattern this day?
Yes, Explain Below
No
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